Adipose tissue produces inflammation and immunity molecules suspected to be involved in obesity-related complications. The pattern of expression and the nutritional regulation of these molecules in humans are poorly understood. We analyzed the gene expression profiles of subcutaneous white adipose tissue from 29 obese subjects during very low calorie diet (VLCD) using cDNA microarray and reverse transcription quantitative PCR. The patterns of expression were compared with that of 17 nonobese subjects. We determined whether the regulated genes were expressed in adipocytes or stromavascular fraction cells. Gene expression profiling identified 100 inflammation-related transcripts that are regulated in obese individuals when eating a 28 day VLCD but not a 2 day VLCD. Cluster analysis showed that the pattern of gene expression in obese subjects after 28 day VLCD was closer to the profile of lean subjects than to the pattern of obese subjects before VLCD. Weight loss improves the inflammatory profile of obese subjects through a decrease of proinflammatory factors and an increase of anti-inflammatory molecules. The genes are expressed mostly in the stromavascular fraction of adipose tissue, which is shown to contain numerous macrophages. The beneficial effect of weight loss on obesity-related complications may be associated with the modification of the inflammatory profile in adipose tissue.-
Adipose tissue has a high capacity to produce and secrete molecules involved in numerous functions including metabolism, insulin secretion, reproduction, as well as immunity and inflammation (1) . This latter class of factors is of utmost interest since inflammationrelated molecules released from adipose tissue could contribute to the development of complications associated with obesity such as diabetes and cardiovascular diseases (2) (3) (4) . The contribution of inflammation to the development and maintenance of metabolic diseases in humans mostly stems from the measurement of circulating inflammatory molecules in obese and nonobese cohorts. Adult and younger obese subjects show increased circulating levels of acute-phase proteins, proinflammatory cytokines, and chemokines (5) (6) (7) (8) (9) . Some circulating cytokines are correlated with increased fat mass, such as interleukin (IL)-6, IL-8, and tumor necrosis factor ␣ (TNF-␣) (2) (3) (4) (5) . A modest elevation of these inflammation-related molecules in the circulation may contribute to a substantial increased risk of cardiovascular stroke and mortality (6) . Obesity could then be viewed as a metabolic as well as a low-grade inflammatory disease like atherosclerosis (7, 8) . Weight loss is usually associated with decreased concentrations of inflammation-related products in the circulation (9 -13) . Adipose tissue contains mature adipocytes and cell types of various lineages in the stromavascular fraction (SVF) that include preadipocytes, endothelial cells, and macrophages. The cellular origin of inflammatory markers is not known and the nutritional regulation in humans of adipose tissueproduced factors is poorly understood.
Our objective was to study the consequence of negative energy balance on the inflammation-related genes in adipose tissue. We determined gene expression in subcutaneous white adipose tissue of obese subjects after different nutritional challenges using cDNA microarrays and reverse transcription-quantitative PCR (RT-qPCR). Gene expression profiles of these obese subjects were compared with those of non-obese subjects. Expression of regulated genes was measured in adipocytes and SVF cells. Our results show the expression of a large panel of inflammation-related proteins in human adipose tissue. Weight loss significantly improves the inflammatory profile of obese subjects through a decrease in proinflammatory factors and an increase in anti-inflammatory molecules. The larger fraction of these genes is expressed in the SVF of adipose tissue.
MATERIALS AND METHODS

Subjects and clinical investigation protocols
This study included Caucasian obese women involved in two nutritional challenges and a group of non-obese subjects. All women were premenopausal. None of the subjects studied had a familial or personal history of diabetes or was taking medication. The subjects were at their maximal peak weight and were weight stable at the time of the study. None were involved in an exercise program. All clinical investigations were performed according to the Declaration of Helsinki and approved by the Ethical Committees of Hôtel-Dieu (Paris) and the Third Faculty of Medicine (Prague). Informed consent was obtained from obese and lean subjects. The clinical characteristics of the patients involved in all the clinical investigation procedures are presented in Table 1 . In the first nutritional challenge, we assessed the changes in gene expression after a very low calorie diet (VLCD 800 kcal/day) of 28 days in obese women (28 day VLCD, subgroup 1). Microarray analysis was performed in 10 of 21 obese women (Table 1 ). In the second nutritional challenge, we analyzed changes in gene expression after a 2 day 650 kcal caloric restriction in eight severely obese women (2 day VLCD, subgroup 2). This corresponded to a 70% decrease of their usual daily energy intake. We studied the profile of adipose tissue gene expression in 6 healthy weight-stable women from a group of 17 individuals (Table 1) .
In all subjects, subcutaneous abdominal adipose tissue samples were obtained by needle biopsy from the periumbilical area under local anesthesia (1% xylocaine) at day 1 (baseline) and day 28 for the obese women subjected to the 28 day VLCD (subgroup 1) and on days 1 (baseline) and 3 for subjects involved in the 2 day VLCD (subgroup 2), as well as in the weight-stable control subjects at baseline. Adipose tissue specimens, obtained after an overnight fast following the same standard operating procedures in all the groups, were immediately frozen in liquid nitrogen and stored at -80°C until analysis. Blood samples were obtained for biochemical and hormonal evaluation.
Body composition was assessed by dual-energy X-ray absorptiometry performed with a total body scanner. Resting metabolic rate was evaluated after a 1 h rest in supine position. Oxygen consumption (VO 2 ) and carbon dioxide production (VCO 2 ) were monitored over 30 min using an open-circuit ventilated canopy system (Deltatrac II monitor, Datex Instrumentarium Corp., Helsinki, Finland) calibrated with a reference gas. Resting metabolic rate was derived from VO 2 and VCO 2 by using indirect calorimetry. Plasma glucose was determined with the glucose oxidase technique (Biotrol kit, Merck-Clevenot, Nogent-sur-Marne, France). Plasma insulin concentrations were measured using RIA kits from Sanofi Diagnostics Pasteur (Marnes la Coquette, France). Leptin plasma levels were determined using radioimmunoassay kits from Linco Research (Saint Louis, MO, USA) according to the manufacturer's recommendations. Plasma triglyceridemia, total and HDL cholesterolemia were measured in the hospital biochemistry departments using clinically validated protocols.
Isolation of human white adipocytes and cells from the stromavascular fraction
Subcutaneous abdominal white adipose tissue was obtained from nine healthy female subjects (mean body mass index, BMI 28Ϯ7 kg/m 2 ) undergoing plastic surgery in agreement with French laws on biomedical research. This group of subjects was different from the subjects who participated in the clinical investigation protocols. The tissue sample was cut into small pieces and processed as described previously (14) . Briefly, mature adipocytes were collected after collagenase (type II, Gibco, Cergy pontoise, France) cell dissociation at 37°C, filtration, decantation, and centrifugation. The floating cellular layer was kept free of any detectable stromavascular element and contained only mature adipocytes filled with triglyceride droplets (tested by light microscopy). SVF cells were recovered at the bottom of the tubes after centrifugation. For measurements of mRNA levels, adipocytes and SVF cells were lysed with denaturing buffer from RNeasy kit (Qiagen, Courtaboeuf, France), then stored at -80°C until RNA preparation.
Isolation of macrophages from the stromavascular fraction
The SVF, homogenized at the maximal concentration of 40 million cells/mL of PBS/2% fetal calf serum (FCS), was incubated at room temperature for 15 min with 100 L of Easysep positive selection cocktail (Stem Cell Technologies, Meylan, France)/mL of cell suspension, followed by a 10 min incubation with 50 L of Easysep magnetic nanoparticles/mL of cell suspension. After successive magnetic sorting steps and washes with PBS/2%FCS, the CD34 negative subset, collected after each sorting step was centrifuged at 200 ϫ g and homogenized in 1 mL PBS/2%FCS. The CD34 negative cell fraction was used to isolate the resident macrophages with 50 L of CD14-coupled magnetic microbeads (Dynal Biotech, Hamburg, Germany)/mL of CD34-negative cell fraction. After 20 min incubation at 4°C under constant shaking, the cell suspension containing the beads was briefly homogenized in 10 mL PBS/2%FCS and placed in front of the magnet for 1 min. After two washes in PBS/0.1% bovine serum albumin, the magnetic beads-coupled fraction, which corresponds to the CD34-/CD14ϩ cell population, was collected and centrifuged for 10 min at 200 ϫ g.
Immunomorphological analysis of adipose tissue in obese subjects
The cellular origin of gene products expressed in macrophages or isolated adipocytes was studied on samples collected during surgical biopsies of subcutaneous abdominal white adipose tissue from morbidly obese women (nϭ10, BMI 48Ϯ4 kg/m 2 , age 41Ϯ14 years) undergoing bariatric surgery. The samples were fixed in 4% paraformaldehyde, dehydrated, paraffin embedded, then sectioned (thin sections 5 m thick). Sections were stained with hematoxylin and eosin and/or processed for immunohistochemical detection of macrophage markers according to standard immunoperoxidase procedure. Immunohistochemical detection of HAM56 (Dako Cytomation, Trappes, France), CD68 (Santa Cruz Biotechnologies, Heidelberg, Germany), and serum amyloid (SAA) (Dako) was performed with the avidin-biotin peroxidase (ABC) method (15) . De-waxed sections were processed through incubation steps: 1) antigen unmasking by 750W microwave washing three times in a solution of citrate buffer 10 mM pH6; 2) hydrogen peroxide 3% in water for 15 min to block endogenous peroxidase; 3) Tris-buffered saline/ Tween20-casein 0.02 M solution (TBS-TC) for 10 min; 4) monoclonal mouse antibodies diluted 1:100 for SAA antibody, 1:300 for CD68 and 1:500 for HAM56 were incubated for 1 h in TBS-TC at room temperature; 5) multilink antimouse biotinylated immunoglobulins (Dako) diluted 1:200 in TBS-TC for 20 min; 6) standard streptavidin-biotin-peroxidase complex (SABC) method was applied using a commercially available kit (ABCYS GMR4-61; Biospa, Milano, Italy); 7) the staining was visualized using diaminobenzidine and slides were counterstained with Mayer's hematoxylin. Methods specificity tests were performed: omission of primary antibodies in the staining and use of preimmune serum instead of the first antiserum.
Total RNA extraction and mRNA amplification
Total RNA was prepared using the RNeasy total RNA Mini kit (Qiagen). RNA concentration and integrity were assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Massy, France). For microarray experiments, 1 g of total RNA from each total RNA sample preparation was amplified by MessageAmp RNA Kit (Ambion, Austin, TX, USA) and 3 g of amplified RNA was labeled with cyanin dyes (Cy) using the CyScribe First-Strand cDNA labeling kit (Amersham Biosciences, Orsay, France). We (16) and others (17) have checked that mRNA amplification did not induce a distortion in mRNA representation. To compare microarrray experiments, we used a common reference pool generated by mixing equal amounts of total RNA extracted from adipose tissue samples of patients undergoing plastic surgery. Amplified RNA from the reference pool was labeled with Cy3 and aRNA from the testing samples were labeled with Cy5. A total of 42 individual arrays for each condition were performed. We compared total RNA isolated from adipocytes and from SVF cells. Here, the microarray experiments were performed after pooling an equal amount of total RNA from adipocyte and from SVF cell preparations and repeated six times. Amplified RNA from SVF cells was labeled with Cy3 whereas aRNA from adipocytes was labeled with Cy5. The labeled cDNA mixtures were hybridized according to the protocol described at http://cmgm.stanford.edu/pbrown/protocols/ index.
mRNA quantification by reverse transcription-real-time PCR
Reverse transcription and real-time PCR were performed as described (18) . We used 18S rRNA (rRNA Control TaqMan Assay kit; Applied Biosystems, Foster City, CA, USA) as normalization control for gene expression; primers and TaqMan probes for mRNA were also obtained from Applied Biosystems. These probes were labeled with a reporter dye (FAM) on the 5Ј end. The probe for 18S rRNA was labeled with the reporter dyes VIC and TAMRA on the 5Ј end and the 3Ј end, respectively. For each primer and probe pair, a standard curve was obtained using serial dilutions of human adipose tissue cDNA prior to mRNA quantitation.
Data analysis of microarray
The cDNA microarrays produced at Stanford University consisted of PCR-amplified cDNAs printed on glass slides with 42,786 spots representing 29,308 UniGene clusters. The clones and description are available online at the Stanford Microarray Database website (http://genome-www5.stanford.edu/). The detailed procedure has been described (16, 18, 19) . After scanning the arrays, the images were analyzed and ratio intensities were filtered and normalized using Stanford Microarray Database Online resources (http://genome-ww5.stanford.edu/ MicroArray/SMD/). We performed a filtering procedure omitting manually flagged elements (i.e., bad quality spots). A uniform scale factor was then applied to all measured intensities to normalize signal intensities between both images. The log2 Cy5/Cy3 ratios for all conditions were extracted and spots with an average intensity Ͻ2.5-fold above the median average intensity of the local background were eliminated. Using this procedure, 39,691 spots were recovered in VLCD experiments. Before calculations, the data from all experiments were normalized using a lowess procedure (http://www.tigr.org/software/tm4/ midas.html) (20) . Unless otherwise indicated, differential gene expression was assessed using the significant analysis of microarray (SAM) procedure (http://www-stat.stanford.edu/ϳtibs/ SAM/index.htlm), which provides a list of significant genes and an estimate of the false discovery rate representing the percentage of genes that could be identified by chance (21) .
To analyze the function of the known genes, we used Gene Ontology annotations (22) (www.geneontology.org). We focused on genes whose ontological criteria shared the following syntax: immune or inflammatory response, acute-phase response, cellular defense, and response to stress. For the selected genes, we identified the other clones representing on the array the same gene (that is, the same UniGene number) as the one sorted using SAM. Several cDNA clones (i.e., different Clone ID) may correspond to the same gene (i.e., same UniGene number). To add an additional step of selection in our procedure, we tested whether transcripts hybridizing to the different cDNAs derived from the same gene are similarly regulated. For each UniGene number corresponding to a cDNA selected by SAM, values for all corresponding clone IDs were tested using the paired Student t test. Only genes with a common pattern of expression among the replicates were selected.
We then examined the pattern of expression of the selected inflammatory-related genes in all patient groups (obese patients of subgroups 1 and 2 at baseline and after calorie restriction and in lean subjects). We performed an agglomerative ascending hierarchical clustering to both mean gene ratios and experiments using the nonparametric Pearson rank correlation coefficient as a measure of similarities and average linkage clustering (23) . The resulting dendrograms were visualized by the Tree View Software (http:// www.microarrays.org/software/). The significance of a cluster is related to the distance measured between two profiles used by the clustering algorithm and the normalization methods. To further assess the significance of the hierarchy proposed by the agglomerative ascending hierarchical clustering algorithm, we computed intercluster dis-tances of alternate hierarchies. This distance computation provides a quantitative measure of the quality of the clustering of conditions. Different distances (Euclidian, Manhattan) were used to evaluate the dependency of the gene ranking with respect to the bias introduced by the choice of the distance. C0, C1, C2, C3, and C4 represented lean subjects, obese subjects before 28 day VLCD, obese subjects before 2 day VLCD, obese subjects after 2 day VLCD, and obese subjects after 28 day VLCD, respectively. Mean values of expression are used for each partition. Cluster K1 gathered C0 and C4 whereas cluster K2 gathered C1, C2, and C3. The quality of the partition of the five experimental conditions into the two clusters K1 and K2 was measured by computing the distance between these two clusters. The fact that the clustering algorithm outputs this partition suggests that the distance between K1 and K2 is maximal. To assess the significance of this partition, we first computed the distance between K and K' of all partitions of the five conditions into two clusters of at least two elements. We used different distances to control the importance of distance itself in the computation.
Statistical analysis of target genes
Data are expressed as means Ϯ se. For microarray experiments on samples collected in obese subjects before and after VLCD, SAM was applied with a false discovery rate of 0.025 (see above). For comparison between adipocytes and SVF cells, SAM was used with a false discovery rate of 0.05. Comparison of inflammatory gene expression between obese and lean subjects was performed with T permutation statistics implemented in MeV (MultiExperimentViewerTIGR), a Java application designed for analysis of microarray data, with P Ͻ 0.1. Age adjustments were made when necessary. Conventional statistical analysis was performed with JMP statistics software (SAS Institute Inc., Cary, NC, USA). For genes analyzed by RT-qPCR, significant differences were determined by Wilcoxon nonparametric paired test (before or after VLCD; adipocyte vs. SVF) and Student t test with unequal variance (obese vs. lean subjects). The correlations between mRNA levels of the different transcripts were examined by the nonparametric Spearman's rank correlation test. P Ͻ 0.05 was the threshold of significance.
RESULTS
Clinical and metabolic characteristics of obese subjects before and after 2 or 28 day VLCD Table 1 shows the characteristics of non-obese women and of obese subjects at various energy intakes. VLCD during 28 day resulted in a significant reduction of weight, BMI, fat mass (PϽ0.001), and a decrease in plasma concentration (PϽ0.0001) and adipose tissue mRNA levels (data not shown) of leptin as well as in an improvement of insulin sensitivity, as expected. An improvement of triglyceride and cholesterol levels was noted. The short-term reduction of food intake (2 day VLCD) performed in obese subjects with higher BMI led to a small decrease in body weight. Simultaneous decrease in plasma leptin levels and an improvement in insulin sensitivity were observed ( Table 1 ). The subgroups of subjects used for cDNA chips and RT-qPCR experiments were not different from the whole groups for any of the tested parameters (data not shown).
Global gene expression profiling in adipose tissue before and after 28 day VLCD
Control for multiple testing of cDNA microarray experiments was performed using the SAM procedure (21) . On cDNAs with signals recovered in at least 8/10 experiments, using an estimated false discovery rate of 0.025, we detected 1923 genes with Gene Ontology annotations (http://source.stanford.edu). The four main functional classes were metabolism (58%), cell growth and/or maintenance (33%), response to external stimulus (9.6%), and response to stress (7.5%). From Gene Ontology annotations, 171 genes encoded proteins linked to the inflammatory process. Seventyseven genes were represented by a unique clone on the microarray whereas other genes had at least two cDNA replicates. We tested whether the ratios of the different replicates for each UniGene number were significant using the paired Student's t test (PϽ0.05). The final list of genes comprised 100 differentially expressed genes. Forty-one were overexpressed after VLCD (mean fold change: 1.59 range 1.2-2.9) whereas 59 were downregulated (mean fold change: 0.62 range 0.8 -0.4). It must be stressed that this selection procedure is highly stringent because each mRNA variant of a gene produced by alternative promoters, splicing, or polyadenylation sites has the same UniGene number but is not necessarily identically regulated. As shown in Table 2 , data obtained from microarrays were validated using RT-qPCR on 10 genes, including up-, down-, and unregulated genes.
As shown on supplementary Table 1 (http://www. fasebj.org) and Fig. 1 , the 100 genes were more precisely classified in 12 functional categories. The list included cytokines, interleukins, complement-related factors and acute-phase proteins but also molecules involved in cell-cell and cell-matrix adhesion as well as factors involved in cell proliferation, growth, and differentiation. Genes encoding factors involved in acutephase response, growth, and differentiation were mostly down-regulated after caloric restriction whereas other functional categories were equally represented in up and down-regulated genes (Fig. 1) .
Expression patterns of inflammation-related genes in the different nutritional conditions
We further analyzed the pattern of expression of the set of genes differentially expressed after 28 day VLCD in obese subjects before and after 2 or 28 day calorie restriction and in non-obese women. Nonparametric hierarchical clustering was performed with the mean ratio of the abundance of the transcripts of each gene to the median abundance across the experimental conditions. As shown on Fig. 2 , gene expression clustering led to two major groups. Cluster 1 gathered transcripts repressed by 28 day VLCD in obese subjects whereas cluster 2 gathered genes induced by 28 day VLCD. For a majority of genes, expression patterns were similar in obese subjects before short-and longterm VLCD and after short-term VLCD. RT-qPCR was used to validate clustering findings in 18 obese and 16 lean subjects ( Table 3) . In accordance with cluster 1 data, SAA4 and carboxylesterase 1 (CES1) were overexpressed in obese subjects; in cluster 2, we validated the transcriptional changes for integrin ␣ L. The pertinence of the first cluster analysis was further supported To validate microarray data, reverse transcription quantitative PCR (RT-qPCR) was performed on subcutaneous adipose tissue total RNA of 21 obese subjects before and after VLCD. Statistical tests of RT-qPCR data were performed using nonparametric Wilcoxon signed rank tests. Nonsignificant genes were chosen among genes related to inflammation that were not statistically different after our filtering and analysis procedures.
by a second, independent analysis. Three experimental conditions (obese subjects before 28 day VLCD, obese subjects before 2 day VLCD, obese subjects after 2 day VLCD) clustered together in a cluster called K1 ( Table  4 ). The clustering revealed similarities between the global gene expression pattern of obese patients after weight loss induced by 28 day VLCD and that of non-obese subjects in a cluster K2. Comparing distances between possible clusters, the distance between cluster K2 and K1 was ranked the longest.
Increased expression of genes encoding anti-inflammatory proteins after VLCD
We hypothesized that the increased expression of inflammation-related genes (cluster 2) could be associ- Cluster of inflammation-related genes in non-obese subjects and obese patients after different nutritional challenges. Each row represents a single gene. For each gene are shown the mean average log 2 ratios of 6, 10, and 8 hybridizations, respectively, performed in non-obese subjects and obese subjects before and after 2 or 28 day VLCD. Thus, each column represents the mean ratios of an experimental condition in several subjects. The ratio of the abundance of the transcripts of each gene to the mean abundance across the experimental conditions is represented by the color of the corresponding cell in the matrix file. Green, red, and black lines represent transcripts respectively below, above, or equal to the median. The upper dendrogram shows similarities in the expression pattern between each group of subjects. The left dendrogram represents the clustering of genes in two groups. ated with the regulation of molecules with anti-inflammatory properties. We analyzed the individual variation in expression of IL-10 and IL-1 receptor antagonist (IL-1ra), two factors with recognized high anti-inflammatory properties. The two genes were not represented on our microarray. As shown on Fig. 3 , we observed a significant increase in IL-10 and IL-1ra expression after the VLCD in obese subjects (PϽ0.001). Moreover, there was a strong positive correlation between the changes in expression of the two transcripts (Rhoϭ 0.83,Pϭ0.0006). IL-1ra mRNA levels were 2-fold higher in obese than in lean subjects (PϽ0.05).
Origin of the differentially expressed genes related to inflammation
We examined whether the 100 inflammation-related genes regulated by caloric restriction were expressed in adipocytes or SVF. Mature adipocytes were therefore separated from cells of the SVF. We checked that there was a selective enrichment of the adipocyte fraction in fat cell markers and of the SVF in macrophage markers ( Table 5 ). CD14ϩ cells isolated from the SVF using CD14-coupled magnetic microbeads express characteristic markers of the monocyte/macrophage lineage (Fig. 4) . The data indicate the presence of resident macrophages in the SVF of human subcutaneous adipose tissue. We could determine that there were 4042 Ϯ 440 macrophages (CD14ϩ cells) per gram of adipose tissue and that the cells represented 8.8 Ϯ 1.1% of SVF cells. The presence of macrophages in human adipose tissue was also shown by immunohistochemistry. The experiments were performed on surgical biopsies of subcutaneous abdominal white adipose tissue from morbidly obese patients (Fig. 5) . The immunopositivity for HAM56 confirmed that the inflammatory cells infiltrating white adipose tissue of obese patients are mature macrophages. These cells stained positive for CD68, another macrophage marker whose mRNA level has been determined (Fig. 4) in isolated cells. On the contrary, only mature adipocytes tested positive for SAA. The intensity of SAA staining was evident in the perinuclear area where the cytoplasm is thicker and rich in the Golgi complex and endoplastic reticulum. All the other cell types (fibroblasts, endothelial cells, smooth muscle cells of the vessel walls) tested negative, indicating that SAA protein production derives from fully mature adipocytes.
As shown on supplementary Table 1 , less than onefourth of the genes regulated during 28 day VLCD was significantly overexpressed in adipose cells whereas the remaining were expressed in adipocytes and SVF or mainly in SVF. Increased expression in isolated adipocytes was validated by RT-qPCR for CES1 and prostaglandin E receptor 3 as well as for SAA4, in agreement with immunohistochemistry data ( Table 6 ). Several factors contributing to cellular adhesion and extracellular matrix remodeling were mostly expressed in SVF (e.g., matrix metalloproteinase 9). Different chemokines and interleukins were expressed in SVF (e.g., CCL19 and IL-12A). Expression of the anti-inflammatory IL-10 and IL-1ra mRNAs was higher in macrophages and SVF than in mature adipocytes (Fig. 4) .
DISCUSSION
Using gene profiling analysis, we describe here that caloric restriction-induced weight loss leads to the regulation of a wide variety of inflammation-related molecules in human adipose tissue. Weight loss decreases the expression of inflammatory markers in white adipose tissue of obese subjects and leads to the concomitant increased expression of molecules with anti-inflammatory properties. The vast majority of the gene transcripts were expressed in cells from the SVF of adipose tissue. The presence of macrophages in human adipose tissue may contribute to the increased expres- Figure 3 . Gene expression changes of interleukin-10 and -1 receptor antagonist mRNA in obese subjects before and after 28 day VLCD. Open and dark bars show mRNA levels of IL-10 and IL-1Ra in obese subjects before and after 28 day VLCD, respectively. ***P Ͻ 0.001 after VLCD vs. before VLCD. mRNA levels were normalized using 18S rRNA (ϫ10 Ϫ5 and 10 Ϫ6 for IL-10 and IL-1Ra, respectively). a C0, C1, C2, C3, and C4 represent lean subjects, obese subjects before 28d VLCD, obese subjects before 2d VLCD, obese subjects after 2d VLCD, and obese subjects after 28d VLCD, respectively. Mean values of expression are used for each partition.
sion of a large fraction of inflammatory genes in obese subjects.
Previous analysis using large-scale gene expression studies performed in adipose tissue of lean and obese mice have shown the regulation of a repertoire of inflammatory genes (24 -26) . Our study confirms that this feature is found in human subcutaneous adipose tissue and reveals the presence of new unexpected factors in adipose tissue. Furthermore, the group of transcripts that exhibited a decreased expression after 28 day VLCD was often expressed at higher levels in weight-stable obese subjects than in lean controls (cluster 1 in Fig. 2 and supplementary Table 1 ). This agrees with the presence of a proinflammatory state in obesity. Most of the transcriptional change of this set of genes after 28 day VLCD was not observed after an acute variation in energy balance (2 day VLCD). The level of obesity was significantly higher in the 2 day VLCD group than in the 28 day VLCD group. Differences between 2 and 28 days of caloric restriction may be attributed to the length of time of caloric restriction and weight loss or to differences in both groups at baseline. However, the pattern of gene expression in these two groups clusters together before the diet despite the difference in the level of obesity. In addition, the energy deficit was more important in the 2 day VLCD group with the higher BMI. Despite this very high energy restriction that could have led to more pronounced changes in the 2 day VLCD group than in the 28 day VLCD group, there was no significant variation in gene expression for most of the genes. This supports the conclusion that the changes are associated with the length of caloric restriction and weight loss. Further experiments comparing the kinetic of inflammatory gene changes over the course of weight loss in the same individuals are necessary to confirm this finding.
Our gene expression study was performed in subcutaneous adipose tissue of obese women. Differences in fat cell metabolism and secretory capacity among adi- ). For all transcripts, mRNA levels were significantly different (PϽ0.05) between macrophages and adipocytes and between adipocytes and the stromavascular fraction. (27) (28) (29) (30) . Secretory factors produced by visceral adipose tissue have been proposed to mediate the relationships between obesity, insulin resistance, and cardiovascular complications, although the mass of the visceral fat represents a small part of the total body fat mass. We observe here that many inflammatory genes expressed in visceral adipose tissue are expressed in subcutaneous adipose tissue of obese women (31) . Our study thus suggests a relevant contribution of subcutaneous adipose tissue, especially in women in whom adipose tissue from the subcutaneous depot is abundant. This agrees with studies showing that at any level of body fat mass, visceral and subcutaneous adipose tissue are both good predictors of metabolic risk and insulin resistance (32, 33) . It will be necessary to analyze in the future whether the secretion rates of the inflammatory markers are different between the fat depots in order to define new molecular links between adipose tissue distribution and the metabolic derangements associated with obesity. The regulated transcripts encoded proteins with a wide variety of functions on different cell targets. TNF receptors, ligands, and associated proteins were grouped in cluster 1. These changes in the TNF family are in agreement with the role of the TNF-␣ pathway in obesity-induced insulin resistance (34) . The adipose tissue expression of TNF receptors (TNFR1 and TNFR2) is increased in rodent and human obesity, and TNFR2 expression levels in adipose tissue are correlated with BMI (35) . There was, however, no change in TNF-␣ mRNA levels (data not shown) as previously reported during VLCD (3). The fact that numerous TNF receptors, ligands, and associated proteins were regulated suggests a coordinating response of the TNF-␣ pathway to nutritional changes. Another group of genes represented in cluster 1 was acute-phase reactants (36) . These secreted factors constitute important markers of inflammation, infection, and malignancy (37) . They are up-regulated in conditions with low level of systemic inflammation such as Alzheimer's disease, amyloidosis, atherosclerosis, and insulin resistance (36, 38) . Haptoglobin, which is modulated by TNF-␣, is overexpressed in different rodent models of obesity (39, 40) . ␤2 Microglobulin, ␣2 macroglobulin, and serum amyloids have been involved in the pathophysiology of diseases associated with the depot of amyloid components (41) . In agreement with a role of acute-phase reactants in the adaptations occurring dur- Figure 5 . Immunostaining of inflammatory markers in macrophages and mature adipocytes of human subcutaneous adipose tissue. Subcutaneous abdominal white adipose tissues from obese subjects were tested by immunohistochemistry to detect HAM56, CD68, and serum amyloid A (SAA) proteins. Several cells were positive for HAM56, showing the presence of fully mature infiltrating macrophages. Accordingly, strong positivity was observed for another macrophage marker, CD68. SAA protein was detected only in fully mature adipocytes. The stromavascular fraction tested negative for this marker, indicated by arrows (SAA, 100ϫ). These images are representative of immunostaining in subcutaneous white adipose tissues from 10 obese subjects. ing VLCD, plasma SAA levels are decreased during VLCD (unpublished data). Soluble factors, membrane linked-proteins, and chemokines, chemotactic cytokines often induced by proinflammatory stimuli, are similarly suspected to be involved in chronic inflammatory pathologies, like atherosclerosis, possibly via their contribution on tissue immunity cell recruitment and differentiation (8, 42) . One of the chemokines downregulated in VLCD, the monocyte chemoattractant protein 1 (C-C motif ligand 2), highly expressed in rodent adipose tissue, may induce adipocyte dedifferentiation and contribute to the development of insulin resistance (43) .
Due to the large amount of body fat in humans, adipose tissue might contribute to the elevated secretion of these molecules in obesity and may explain the decreased systemic production after weight loss. Weight loss induced by medical treatment or surgery in obese patients is indeed associated with decreased circulating concentrations of acute-phase response and immunological markers (9, 10) . Two methods of clustering show that a significant proportion of the genes have similar patterns of expression in obese patients after 28 day VLCD and in lean subjects, although the obese subjects are still overweight after the nutritional challenge. It is well known that obese subjects benefit from moderate weight loss. The improvement of the inflammatory profile of adipose tissue may contribute to the overall improvement of obesity-related complications. In follow-up studies, improvement in insulin resistance indexes (9, 11, 12) and an amelioration of endothelial function in obese subjects (13) have been associated with decreased inflammatory factor concentrations.
Together with a decreased expression of proinflammatory factors, we observed a concomitant increase of other inflammation-related molecules during weight loss in obese subjects. Cluster 2 contains genes whose products are involved in extracellular matrix remodeling such as the matrix metalloproteinase 9, an enzyme known to enhance the degradation of the basement membrane and extracellular matrix allowing endothelial cell migration. Other transcripts encoding cell-cell and cell-matrix adhesion factors such as integrins and cadherins were regulated. These changes may participate in the morphological modifications observed in adipose tissue during weight loss. Several interleukins and related factors involved in interferon ␥ activities were located in cluster 2. IL-12 and IL-18 favor T helper 1 cell response. Up-regulation of the receptor for the Fc portion of immunoglobulin G, CD32, is also indicative of such a response. The significance of these regulations in the inflammatory or immune adaptations during VLCD needs further cellular work to determine their biological effects. We investigated whether there was an up-regulation of anti-inflammatory molecules after weight loss. Among these molecules, IL-10, which has a major role in the regulatory network of cytokines is well recognized to have anti-inflammatory properties. It inhibits the macrophage production of IL-1, IL-6, and TNF-␣ (44, 45). IL-6 protein is decreased in adipose tissue of obese subjects after calorie restriction (3). IL-1ra, an antagonist of IL-1 receptor, is an acutephase factor that can be secreted by a large variety of cells. IL-1ra, which is highly expressed in adipose tissue (46) , is the major modulator of the IL-1 proinflammatory pathway in vivo (47) . VLCD was associated with increased expression of both IL-10 and IL-1ra in obese subjects and changes in IL-10 and IL-1ra expression were highly correlated. Activation of the major histocompatibility complex molecule CD1d induced during VLCD, has been shown to result in rapid and sustained production of IL-10 (48). It is noteworthy that IL receptor-like 1, a member of IL-1 receptor family, was down-regulated during calorie restriction. These data suggest a coordinated role for these factors in the improvement of the inflammatory profile.
Our microarray and RT-qPCR experiments performed on human isolated adipocytes and SVF cells show the importance of the SVF cells in the regulation induced by calorie restriction. Indeed, the factors preferentially expressed in adipocytes represented Ͻ25% of the inflammation-related mRNAs regulated during VLCD. We observed a predominant expression in the adipose cell of several inflammatory factors such as acute-phase proteins (e.g., haptoglobin, SAA4) and other molecules (e.g., monocyte to macrophage differentiation-associated protein, prostaglandin E receptor 3, and CES1). Using immunohistochemistry experiments in obese subjects, we confirmed that SAA protein production derives from fully mature adipocytes. The data agree with accumulating evidence that adipocytes and immune cells share many features with expression in both cell types of transcripts previously considered to be specific of one lineage. However, ϳ45% of the transcripts were more abundant in SVF cells than in adipocytes. SVF is constituted of several cell types including preadipocytes not yet filled with lipids, fibroblasts, histiocytes, endothelial cells, and monocyte/ macrophages. A large fraction of the regulated mRNAs is known to be expressed in the latter cell type. Our characterization of CD14ϩ cells shows that the population of resident macrophages constitutes an important component of the SVF in human subcutaneous adipose tissue. Immunohistochemistry experiments show that macrophage cells are infiltrating the adipose tissue of obese subjects. The number of macrophages is elevated in rodent models of obesity (49, 50) . Moreover, a recent paper revealed that the number of macrophages was positively correlated to the BMI in humans (51) . Preadipose cells possess phagocytic and microbicidal activities and can be converted into cells expressing markers characteristic of macrophages (52, 53) . Alternatively, accumulation of macrophages may be due to an influx of bone marrow-derived precursors into adipose tissue and their subsequent differentiation into mature macrophages (49, 50) .
The lower expression of IL-1ra mRNA in lean subjects than in obese subjects as recently reported (46) might be in apparent contradiction with the increased expression observed during calorie restriction. The complexity of macrophage biology may explain this discrepancy. Adipose tissue accumulates macrophages in the obese state (49, 50) . IL-1 ra mRNA is predominantly expressed in macrophages vs. adipocytes. Hence, the higher expression of IL-1 ra mRNA seen in obesity may merely be the reflection of the higher content in macrophages at basal state. It is known, however, that macrophage cells express different functional programs in response to environmental changes. During calorie restriction, the nature of resident macrophages may be modified with shift from M1 macrophages to M2 macrophages producers of IL-10 and IL-1 ra (54). The adaptation is certainly complex as the markers of M1 macrophages, IL-12 and monocyte chemoattractant protein 1, are respectively increased and decreased during VLCD. Isolation and characterization of the different populations of adipose tissue macrophages is warranted to fully understand the nutritional regulation of gene expression in these cells.
Taken together, these findings show that weight loss globally improves the inflammatory profile of white adipose tissue in obese subjects (Fig. 6) . The beneficial effect of weight loss is associated with modification of the inflammation-related gene expression in adipocytes and macrophages. This work paves the way for future clinical and cellular studies aimed at determining the impact of these molecular adaptations on the development of insulin resistance. 
